The new cover of Experimental Biology and Medicine features the hermeneutic circle of biology, a concept we have adapted from the hermeneutic principle that one understands the whole only in terms of each part and the parts only in terms of the whole. Our hermeneutic circle summarizes the course of experimental biology through 2500 years of the achievements of reductionist research (understanding the parts), which culminates in our ability to rapidly sequence the genome. Rather than returning along the same path in a constructionist approach that simply builds upon this knowledge, but in reverse, an alternative is to close the circle with synthetic constructions that seek to integrate the full complexity of biological and physiological systems (understanding the whole), of which organs-on-chips are one example. This closing of the circle cannot be a comprehensively accurate representation of biology, but it can be a synthetic one that effectively defines particular biological subsystems. The illustration of the hermeneutic circle of biology is also intended to suggest both the multiple cycles that may be required to reach such a synthesis and the expansion of the circle in an outward spiral as knowledge increases. Our commentary explains the symbolism of the new cover in a philosophical and scientific discussion.
With this issue, Experimental Biology and Medicine (EBM) changes its cover from one that it has used for 8 and 1/2 years to one that is based upon the hermeneutic circle of biology ( Figure 1 ), which was highlighted in the introduction to last year's Thematic Issue on the Biology and Medicine of Microphysiological Systems. 1 The rationale for the new cover is provided in the accompanying letter from EBM Editor-in-Chief, Steven R. Goodman. 2 The symbolism of the cover is explained in this commentary by two physicists, one active in biophysics, physiology, and biomedical engineering (JPW), and one who has made the transition from computational physics to philosophical theology and hermeneutics (APP).
Hermeneutics is the study of interpretation and meaning, originally of texts. In this sense, the hermeneutic circle is a means of exploring the relationship of the parts of a document to its entirety, 3 and the concept has been expanded to explore the role of context in a vocabulary within a language, and in history. The basic principle of the hermeneutic circle 3 is that ''one cannot understand the whole until one understands the parts, and one cannot understand the parts until one understands the whole,'' and indeed, the distinction of whole from parts is fundamental to viewing biology as a circle. As a first approximation, one could define a biological hierarchy that spans organism, organ, cell, signaling network, molecule, and genome. Anything below the organism is either parts, or lesser parts. So what constitutes the parts as parts?
In many ways, the identification of whole versus parts reduces to the need to define boundaries, which in living organisms are often neither well defined nor amenable to explanation by a quantitative theory, and support high fluxes and multiple interactions (in the human, for example, there is the microbiome bounded by the lumen of the gastrointestinal tract, and different microbiomes on external surfaces). Of interest to biology are the boundaries within an organism, and boundaries within those boundaries. Whereas in physics, system boundaries may be defined for computational convenience and to minimize the complexity of the problem, in biology they are defined in terms of biological function, which for our purposes means recreating a biochemical and biomechanical environment. At the level of biochemistry, function means the reactions that matter in vitro have to be sufficiently like the same reactions in vivo. At all levels, function means whatever contributes to the life of the organism, whatever makes it live, whatever enables it to cope with changes in its environment, large or small, i.e., whatever contributes to the fitness of the organism. While we need not define life here, in contrast to inanimate objects, a living organism has a stake in its own existence as well as that of other organisms, if only to eat, stay fit, reproduce, and not be eaten. In one form or another, biological systems express intention, whereas physical systems simply respond passively. Having a stake (or equivalently, coping) is not an explanatory category in physics or chemistry, but appears for the first time in biology. It is what allows us to recognize function in the parts of biological systems.
Function in biology (and life itself) is an emergent behavior of an ensemble of different molecules-a collective behavior that is not readily predicted from knowledge of the behavior of each individual molecule. Functions are often associated with boundaries, and boundaries contribute to persistence. The cell with its cytoplasmic membrane is a basic unit of biological function and meets most people's minimum requirements for the definition of ''life.'' But cells can come together and exhibit emergent behavior that supports a discrete process, whether as the first, rudimentary tubular heart to perfuse an organism, or the endothelialepithelial interface of the lung alveolus for gas exchange, or the kidney tubules that form the nephron for filtration, absorption, and secretion. Early isolated-organ research that undergirds much of our understanding of physiology benefited from the fact that cells within the boundary provided by an isolated organ were more robust and could sustain their normal function longer than they could alone. 1 Were one to remove for study a living organ from an animal, the ability of that organ to function normally in isolation would be determined by the extent to which one can recreate the organ's environment as seen at the organ boundary. Perfusion is most important, in that nutrients must be delivered across the boundary and waste products removed, but organs often require other types of input (electrical, hormonal, immune, mechanical and neuronal) to support and regulate organ function and avoid cellular dedifferentiation. Similarly, were one to remove a living cell from a tissue to study the cell in isolation, the accuracy with which the behavior of the cell would match that in the tissue would be determined by the nature of the interactions between the cell and its microenvironment. Were the cell normally to interact only with the surrounding fluid medium, then recapitulation of that microenvironment would simply require matching the chemistries and flows. If the cell had mechanical interactions with matrix or neighboring cells, reconstructing the boundary would be much more complicated, in that stresses or strains would need to be controlled. Similar issues arise with electrical signaling, as in skeletal and smooth muscle and the heart and brain. Two-dimensional life in a Petri dish or well plate has been studied in great detail to create many self-consistent biological explanations, but cells in a Petri dish may not have the same experiences as cells in three-dimensional tissue. The issue is one of context and boundaries.
Over the past 2500 years, physics, physiology, and biology have been highly reductionist, with the goal of finding the most fundamental particles, interactions, or information. Figure 2 illustrates reductionist biology, which began 200 A.D. with the physiological studies of humans and animals by Galen of Pergamon, 4 and benefited greatly from studies of isolated organs beginning in the 1880s. 5 Figure 1 The new cover for Experimental Biology and Medicine (EBM) that shows the hermeneutic circle of biology on the right (front cover) and the topical areas of EBM on the left (back cover). The circle begins with the animal or organism at the top and progresses counterclockwise through organs, cells, metabolic and signaling networks, biomolecules, and finally the genome at the bottom, thereby representing the reductionist limit of biology. Continuing up the right side through the synthesis of molecules, instrumented and controlled cells, engineered tissues, and engineered organs (including organs for regenerative medicine and organ-on-chip microphysiological systems), the circle closes with a representation of the human that integrates these syntheses. It may be necessary to traverse the circle multiple times, and also to employ corresponding circles for the classic biological model organisms that range from bacteria and yeast to zebrafish
The 1950s brought cell biology to the forefront, with our favorite contributions being the development of the yeast chemostat by the organic chemist Aaron Novick and the famous nuclear physicist and inventor Leo Szilard 6,7 and the discovery by George Gey of the HeLa immortal cell line isolated from Henrietta Lacks. 8 The biochemistry of regulatory networks was the focus of intense research throughout most of the twentieth century. 9 X-ray crystallography, for example, that of the chemist Rosalind Franklin, 10,11 nuclear magnetic resonance, and other techniques led to accurate models of biomolecules and the development of structural biology. Today, we can readily explore what may be the reductionist limit of biology-the rapid sequencing of the genome of an individual human and a myriad of other organisms.
One might ask, ''What do you do when you get to the bottom?'' You can look for a new understanding of the unanswered questions. You can continue to dig deeper and figure out how atoms make genes, and then how elementary particles make atoms, etc., on the way to the theory of everything. You might identify a distinct biological ''layer'' below the genome. Or you can work your way back up toward the animal or organism, in accord with Anderson's constructionist approach, 12 building upon the knowledge gained at the bottom. One possibility would be to use the computational models of systems biology for the upward construction; however, a fully computational model from genome to organism might, if ever attempted, require dealing with a mole of differential equations, termed a Leibniz. 13, 14 The intercalation of computational modeling and experiments may enable the crossing of emergent ''boundaries'' that defy calculation, such as the need to ''solve'' the protein folding problem to get from genome to protein. But in any case, the linear map in Figure 2 of the ongoing exploration of biology is by far overly simplistic and is provided merely as a heuristic tool.
Reductionism by definition ignores the whole and focuses on the parts. In a post-reductionist era, one might also ask, ''What is the role of a specific part in the whole?'' That is a question of both function and integration and construction, and it presents clear differences between physics and biology. Physics describes dynamic interactions in terms of fundamental or phenomenological laws that govern the state of the matter being studied. In 1949, the physicist Max Delbrü ck provided a concise distinction between physics and biology: '' . . . any living cell carries with it the experiences of a billion years of experimentation by its ancestors. You cannot expect to explain so wise an old bird in a few simple words.'' 15 Biology has laws, but the operation of every living organism is determined not only by the laws of biology, physics, and chemistry, but also by historic instructions within the genome and its design for molecules that may be specific to each individual organism. Just as in our studies of literature, as we seek to deepen our understanding of human physiology it is important not to overlook the historical context, which for biology reaches back to the origins of life.
Returning to the top along the left side of the circle in Figure 1 is topologically equivalent to the linear Figure 2 and might be accomplished with some mix of computation and experiment. But with the circle, we have the alternative possibility of returning from the genome to the organism by a different path-one that allows through construction precise control of the boundaries to the problem, and hence the right side of Figure 1 : it is now possible to engineer biomolecules for particular functions, including reporting the state of the molecule or that of its environment, which in turn leads to the ability to perform closed-loop control of cellular function. [16] [17] [18] It is now possible to engineer tissues, either for basic science, repair, or replacement, wherein the cells within the engineered tissue are enjoying microenvironments (internal boundaries) that are much more representative of those in vivo than those provided by two-dimensional life on plastic. The development of engineered tissue constructs, often with human cells, is ushering in tissues on chips, the subject of the 2014 EBM Thematic Issue 1,19-34 and other reviews. [35] [36] [37] [38] [39] Ultimately, these novel constructions will lead to organs on chips that will be connected together to create coupled organ systems 40-43 that will allow us to generate microphysiological models that are simpler than the complete organism. The net result is that we can now choose to close the hermeneutic circle on the right not with an exhaustively accurate representation of biology, but with a synthetic one that allows us to insert sensors and actuators and more cleanly define the boundaries of the biological subsystem under study. Organs on chips can play a central role in this process, but there are many other ways to close the circle. Human physiology and medicine have been advanced by studies of biological model organisms such as bacteria, bacteriophage, yeast, C. elegans, zebrafish, mice in general and particularly humanized mice. 44 Each of these can be explored with their own hermeneutic circles that overlay that of the human. They may allow us to traverse the circle at many different levels of reduction and construction.
Mathematical models can help us along the way: biology has a growing number of theories and empirical (or effective) models that simplify upward construction at appropriate scales. It is generally more efficient to invoke Michaelis-Menton kinetics than compute enzyme molecular dynamics from first principles, just as functional models of integrated circuits and larger electronic modules allow us to build supercomputers without knowledge of the individual electronic gates. Given the control of boundary conditions and variables offered by the constructionist approach, it may be easier to calculate our way upwards on the right side of the circle than in either direction on the left. Mathematics can provide biology with rigorous predictions that can be tested quantitatively in a controlled, reproducible setting. 45 Is such a synthetic system (and its models) complex enough to be of any value? Clearly, no one would attempt in the immediate future to create a multi-organ microphysiological system with a hundred organs-it would be too complicated to understand. To quote the physician and physiologist Arturo Rosenblueth and the mathematician and philosopher Norbert Wiener, ''[t]he best material model for a cat is another, or preferably the same cat.'' 46 Little new information could be extracted from a cumbersome ''[m]ap of the Empire that was of the same Scale as the Empire and that coincided with it point for point.'' 47 Instead, each of the stages along the right side of the circle might best be viewed as a toy model, as exemplified by the work of the physicist Freeman Dyson on the origin of life. 48 Such toy models serve as a framework in which questions about biology can be posed with some degree of precision, with answers that build intuition, rather than exact reconstructions of in vivo biology. Models become particularly interesting when they are of sufficient complexity that they can produce emergent phenomena, which for an in vitro neural network would be some form of biocomputation and in coupled microphysiological systems would be organ-organ interactions that lead to unanticipated actions of drugs. Anderson anticipates as a general principle what we might learn from the constructionist approach of assembling simplified in vitro biological models into more complicated in vitro systems: ''We expect to encounter fascinating and, I believe, very fundamental questions at each stage in fitting together less complicated pieces into the more complicated system and understanding the basically new types of behavior which can result.'' 12 Ultimately, at each stage of mirroring tissue and organ-level function(s), the fundamental question must be whether the details included in the model are both necessary and sufficient.
We can now return, full circle, to Figure 1 and the new cover of EBM. The hermeneutical circle of understanding, in its original sense of interpreting texts, is an iterative process. It is like a mathematical iterative process in that it may or may not converge, and unlike mathematical iterative processes in that it is not metrical. In biology, convergence gets tested in another way: the functioning of the parts must support the functioning of the whole. Any explanation that does not exhibit that coherence of function has failed to converge. Gadamer 3 points out that more than a single passage around a hermeneutic circle will be required: the repeated return from the whole to the parts, and vice versa, is essential. Moreover, this circle is constantly expanding, since the concept of the whole is relative, and being integrated into larger contexts always affects the understanding of the individual part.
Hence the new cover.
